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A thermal actuator is taught for a micro-electromechanical device. The themial actuator includes a base element, a cantilevered 
element (14) extending from the base element and normally residing in a first position. The cantilevered element includes a first 
layer (34) constructed of a dielectric material having a low themial coeffident of expansion and a second layer (36) attached to 
the first layer, the second layer comprising intemietallic titanium aluminide. A pair of electrodes (30,32) are connected to the 
second layer to allow an electrical current to be passed through the second layer to thereby cause the temperature of the second 
layer to rise, the cantilevered element deflecting to a second position as a result of the temperature rise of the second layer and 
returning to the first position when the electrical current through the second layer is ceased and the temperature thereof 
decreases. The therm al actuator has particular application in an Inkjet device wherein a series of such Inkjet devices fonn an 
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(57) A thermal actuator is taught for a micro-electro- 
mechanical device. The themnal. actuator Includes a 
base element, a cantilevered element (14) extending 
from the base element and nomnally residing in a first 
position. The cantiievered element includes a first layer 
(34) constructed of a dielectric material having a low 
thermal coefficient of expansion and a second layer (36) 
attached to the first layer, the second layer comprising 
Intermetallic titanium, aluminide. A. pair of electrodes 
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(30,32) are connected to the second layer to allow an 
electrical current to be passed through the second layer 
to thereby cause the temperature of the second layer to 
rise, thecantileyered elwrieritdeflecting to a second po- 
sition as a result of the teniperature rise of the second 
layer and returning to the first position when the electri- 
cal currerit through the second layer Is ceased and the 
ternperature thereof decreases. The themnal actuator 
has particular application in an InkJet deyice wherein a 
Wiies/of isuch irtl^ an Inlqet printheadi 
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Description 

[0001] The present invention relates generally to micro-etectroraechanical devices and. more particularly, to mlcro- 
electrornechanicaltharnrial actuators such as the:type used in ink Jet prim ^ »>.cmc or=h»in« ,.=aH 

5 [00021 Micro-electro mechanical systems (MEMS) are a relatively recent development. Such M EMS are being used 
as alternatives to conventional electromechanical devices such as actuators, valves, and positionets. Micro-electro 
mechanical devices are potentially low cost, due to the use of microelectronlcfabrication techniques. Novel applications 
are also being discovered due to the small size scale of MEMS devices. „«^ri i„ 

[0003] Many potential applications of MEMS technology utilize themial actuation to provide the moUon needed in 

,0 such devices. For example many actuators, valves, and positioners use themial actuators for movement. In the^esfen 
of thermal actuators it is desirable to maximize the degree of movement v^hile also maximizing the degree of force 
supplied by the actuator upon acthmtion. At the same time It Is also desirable to minimize the power consumed by the 

Po^r "i! is "Sso advantageous that the cantilever type the^^^ 
15 repJableactuatormotionuponrepeatedthemiaUctuatlonoftheactuatorbetv^em^ 
• It is also desirable that the resuming MEMS devices are capablf of being produced In balph fast^op.^^^ 

that are compatible with standard CMOS integrated circuit fabrication. This allows «<^a"^«S^"«: "^^^^^^J*^ 
are reliable, repeatable. and low in cost. Compatibility with CMOS processing also allows the integration of control 
droultry Witt) the actuator on the same device, f urther irriprovingcpst and reliability. u„„,.;.=, 
[OOOSl It is therefore an object of the preset Invention to provide a themial actuator for a micromechanlcal device 
having an actuator beatiwtth an improvediC^giioe 01 ^m^^ „, uox-ino 

[0006] itisafurtherobiectofthepresehtlfwenti^ntoprovideattiemiaractuatorforamiGrome^^^^^^ 
an actuator beam that delivers an increased degree of force upon acHvalion. ^ , ^ .„,thot^vi,ihite 

[0007] Yet another object of the present invention is to provide a cantilevered beam type themial actuatorthat^^ibits 
substantially no relaxation upon repeated thermal actuation of the actuatorbetween 20»C and 300»C temperatures. 
[0008] Briefly stated, the foregoing and numerous other features, objects and advantages of the P^s«^'"^'°" 
will become readily apparent upon a review of the detailed description, claims and drawings set forth herein. These 
features, objects and advantages are accomplished by fabricating a themial actuator for a "^'°f°f ^^°™^,':^"J^^' 
device wmprislng a base element and a cantilevered element extending from the base element the cantileve^d 
eten^nrnoLlly resirf»,g in a first non-actuated position. The 

of a dielectric material having a low thermal coefficient of expansion and a second layer of interTnetall.c Wan'um a^.- 
minide OVAI) attached to the first layer. A pair of electrodes are connected to ttie second layer aHow an electnea 
current to be passed through the second layer to therebycause thetemw^ 
generated as a result of the resistivity of the intennetallic t 

to an actuated second posHion. Thecantilevered element returns to the f irst position when the electrical current through 
the second layer is ceased and the temperature of the sec^ 
thin film cdmprteindftasecohd layer has a high co0ffl(aent of ther^^^ 
the ihtemietallic titanium.aiumiriide thin film has suitable resistivity for use a? a heater. With selected d^osit.on con- 
ditions and post deposition ann^ilng. afilrn With property adjusted stress andthemial stability 1^ _ . 
40 [0009] The present invention is particuiariy useful as a thential actuator Inkjet printer device. »^th« prefen-ed em- 
bodiment, the cantilevered element of the them^al actuatoi: resides In an ink leseryoir or '^^^^e' ^f '^^'"^f^^. P^ 
or nozzlethrough which inkcan be ejected, through actuation of tiiethemial actuator, the cantilevered element deflects 
Into thechamber forcing ink through the nozzle. ^, ,^,-„ „ot»ri=i hn«ina a 
rOOIOl ■ As stated above, the cantilevered element Includes a first layer constructed of a dielectric material na^"a a 
4S low thermal coefficient of expansion. The term "low themfial coefftoient of expansion" as used herein is Intended to 
mean a thermal coefficient of expansion that 18 lesftte^^^ , k, .h» thormai 
[0011] Figure 1 is a plan view pf a portion of a P'"rai"ty of the thermal 

actuator InWetdevtees of the presentiriyentiOn formed therei^^^^ 

[001 2] Figure 2 Is a side elevaUohal vte(w of a pprtion of the cantilevered bearri of the themoal actuator inkjet device 

so of the present invention; , ■ „ .ki^ 

[00131 Flgure3isapetspeCtivevi^wearlyinthefabricatibnbftllethermalactuatorlnkjetdevloewherein^^ 

typically consisting of silicon dioxide is first deposited on the substrate and the intemietalilc titanium aluminide film is 
next deposited and patterned into the bottom layer. , . .i^. »k«»>»f lat^r 

[0014] Figure 4 is a perspective view of the themial actuator Inkjet device at a stage in the fabrication thereof l«er 
S5 than that deptoted in Rgure 3 wherein a dielectric layer has been patterned to fomn the top layer and the resulting 
pattern is then etched down through the thin layer of Figure 3 down to the substrate. ,u»,»„, 
1001 51 Figure S is a perspective view of the thermal actuator Inkjet device at a stage in the fabncatlon thereof later 
than that deptoted in Figure 4 wherein a sacrificial layer has been deposited, pattemed and fully cured on the structure 
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depicted in Figure 4. 

[0016] Figure 6 is a perspective view of the thermal actuator inkjet device at a stage in the fabrication thereof later 
than that depicted in Figure 5 wherein a top wall layer is next deposited on top of dielectric layer and the sacrificial 
layer depicted in Figure 5, . 
[0017] Figure 7 is a sectioned perspective view of the themiat actuator inicjet device of the present invention. 
[0018] Figure 8 is a graph plotting film stress as a function of substrate bias (before and after annealing at 300*C) 
tor titanium aluminide film. ^ . ^ ,^ ♦ 

[0019] Figure 9 Is a graph plotting stress as a function of temperature for a deposited and annealed intemnetaiiic 
titanium aluminide film measured on a six inch silicon wafer 

[0020] Figure 1 0 is a graph plotting stress as a function of temperature for a sputtered aluminum film measured on 
a six inch silicon wafer. . 

[0021] Figure 11 is a graph plotting stress as a function of temperature showing a comparison of stress versus 
temperature curves for intennetallic titanium aluminide with 7% oxygen incorporated, and for intermetallic titanium 
aluminide with no oxygen Ineofporated. deposited on a silicon wafer. . ^ * 

[00221 Turning first to Figure 1 . there is shown a plan view of a portion of a thermal actuator Inkjet pnnthead 10. An 
array of thermal actuator inkjet devtees 12 is mariufactured monolrthically on a substrate 13, Each themaal actuator 
InkJet device 1 2 consists of a cantilevered element or beam 14 resWing In an ink chamber 1 6. There is a nozzle or port 
18 through which ink may be ejected from chamber 16. Nozzle or port 18 resides In pumping section 20 of chamber 
16 The cantilevered element or beam 14 extends across chamber 1 6 such that free end 22 thereof resides In 
pumping section 20. Cantilevered element or beam 14 fits closely within the walls of pumping section 20 without en- 
gaging such wails. By placing the cantilevered element or beam 1 4 in close proximity to nozzle 1 8 and ttghtiy confining 
«ne carttilever^d beam 14 in pumping section 20, the efficiency of the ink drop ejection is improved. Open regions 26 
of chamber 16 adjacent cantilevered beam 14 allow for quick refill after drop ejection through nozzle 18. Inkis supplied 
to thermal actuator inkjet device 12 by an ink feed chanrie!.28 (see Figure 7) etched through the substrate 13 beneath 
the ink chamber 16. There are two addressing electrodes 30. 32 extending from^^^ ^ 
[0023] Turning next to Figure 2, cantilevered beam 14 is shown in cross^secOoh. Cantilevered beam 14 includes a 
first or top layer 34 made of a material having a low coefficient of tiiermal expansion such as silicon dioxide, siljcon 
nitride oracomblnation of thetwo. Gantiieveredbe^^^ 

conductive and has a high efficiency as will be: describod hereinafter; PrBferal>ly; second layer 36 is compn^ecf of 

ihtefmet^iilic titahiurh alM , , • ♦ t-- 

rO0241 Figures 3 through 6 illustrate the processing steps for bri^^^^^^ 12- Looking at Figure 

3 the two addresslrig electrodes 30. 32 are connected to second layer36: Wh6h a voltage is applied across^he two 
electrodes 30. 32 current runs through the intennetallic titanium aluminide layer 36 heating it up and causmg^tiie can- 
tilevered beam.1 4 to bend or deflect into pumping s^^ 

rwS ^ To optimize the ejection of a drop of ink in a thermal actuator inkjet device 1 2. it is important to optimize the 
force and deflection of the cantilevered beam 14. The following relation gives a dirtienslonless parameter that describes 
the efficiency c of the material of the second layer 36 of the cantilevered beam 14: 



40 



C=— AAAAAAAA 
CpP 



(1) 



where o is the themnal coefficient of expansion. V is the Young's modulus, p Is the density, and Cp is the specific hea 
45 of the material. The numerator cpritains rnaterial properties proportional to the force and displacerrient of a^thermal 
actuator. The denominator contains material properties that contribute to how efficiently the second layer 36 can be 

ro026l' Tablet shows e for various materials that have been used for thermaiart^^^ 

wtth the intermetallic titanium aluminide thin f ilm material of the present Iriventioriv Material F^Pf ^ieswe taken^^^^^ 
so the literature except for the intemietallic titanium aluminide thin film of the present invention for whteh the material 
values were derived from experiment 

Table 1: 



Efficiency of materials for thenmal actuator 




Material 


a(x10^)C-i 


Y{x109)Pa 


p(x103)K9/ m3 


Cp( J/Kg C) 


e 


Al 


23.1 


69 


2.7 


900 


.66 
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Table 1 : (continued) 
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Efficiency of materials for tfienna! actuator 



Material 


a(x10-6)C-'» 


Y(x109)Pa 


p(x103)Kg/m3 


Cp(J/Kg C) 


e 


Au 


14.3 


80 


19.3 


1260 


.047 


Cu 


16.5 


128 


8.92 


380 


.62 


Nl 


13.4 


200 


8.91 


460 


.65 


Si 


2.6 


180 


2.33 


712 


.28 


T1AI3 


15.5 


188 


3,32 


780 


1.13 



[0027] The titanium aluminide film is 70% more efndent than the next bestfilm crf 
oftheintemietallictitaniumaluminidefilmwasobtain^^ 

tilevers The coefficient of themial expansion of the intemietailic titanium aluminidefilm was obtained by heatmg the 
Inteimetallic titanium aiuminide^ilicon oxide cantilevers and fitting the deflection versus temperature ^ 
[0028] The material used forthe second or bottom layer 36 in the practice of the present inventtpn has an efflcienoy 
teUhat is areater than 1. Preferably, such mjaterial has an: efficte^^ ^ : 

2)2^ ^S?cas^«>f athentiata^^^^^ 

Esed above With a flrst layer 34 and a second layer 3^. The second ^^^^^^ 

aluminide and the material of thefirst:iayer34 has a substamially lower cpefffcieht of thermal e''P«"«'°"JyP'^^^*^ 
maSi of the first layer 34 is chosenfromsMicon dioxide or silicon n^^^^ 
Zuhec^sp^eLntandforcefora^^^^^^^ 

r^os of the two rmterials chosen for layers 34. 36 Jn particular Jt is k^^^^ 

and fowe. the following relation detemr^ines me: r^^^^ . 



J= l-^l.AAAAAAAAAA 
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Where ht, ^ are the thickness of the two layers 34, 36 and Y,. Yg are the Young's modulus of the materials of the two 

SrA^ shown in Figure 3. a thin layer 40 typically consisting of silicpn dioxide fe first deposited tt'^^uhstrate 

\?to act as a bottom protective layer for the themial actuator Inkjet device 1 2 from the mk and ele^^^^^ 

them,al actuator lnkietdevfee12from the substrate 13. The intem^etallic titanium alumin.de film 

patterned Into the bottom layer 36 and addressing electrodes 30. 32 that extend off to connect to the control circuitry 

?00?r]'*^a!S.n oxide or a combination of silicon oxide and silteon nitride are deposited on thin •^y^;^^"^.^°^^ 
fayer 36 to fomi dielectric layer 41 (see Rgure4). Dielectric layer 41 ^ P^^'^^^'T'^'V^^^^^^T^Z^ 
pYgure 4. The resulting pattern Is then etched down through the thin layer 40 down to the sutetrate 13. 
of this layer 34 is extendedbeyond the pattem of the bottom layer 36inorder to leaveaprotecti>^layer<rfox^^^^^ 

on thesides of the bottom Iayer 36. This patteming and etching «ls<> ^efl"«^»^'^.°P!," ^^^'''"^^e on^eac^^^^^ 
cantilevered beam 14 for ink refill, and defines a first layer of the pumping section 20 around the free end 22 of the 
cantllevered beam 14: for eBteient drop ejectip^^^^ ^ , . . . „„„,ui^,oi 

[0032] litFi^ure 5. a polylmide sapriffcial 1^( 42 Is depos The poly. mrdes^rtoal 

layer 42 is defined to extend beyond the cantileveiwl beam 14 and fills the open regions 26 and P^P'"9,^^^''"|f . 
The cured definition of thepolylmide sacrtflolal.l^Yer 42 provides the ink chamber 16 

planarizes the surface.providing a flat top surface 43. The sloped sldewall6.46 of the poVimlde aid In the forrnation of 

the ink chamber wails. ' a -r._L..ii..^tMo tnn u^>tr 

[0033] A top wall layer 46 is next deposited on top of dieiectrte layer 41 as shown In Figure 8- Typteallyjhte t^p^t 
layer 46 is composed of plasma deposited oxide and nitride which confomially deposits over the P^^'^^^^^^^l 
laver 42 The sloped sldewalls 45 of the polyimide sacrrftelal layer 42 are Important to prevent cracking of chamber 
wall layer 44 (which Is part of top wall layer 46) at the top edge. The nozzle hole 18 is etched through the chamber 

wali laver 44 » ±.u. 

[00341 The substrate 13 is then patterned on the backside, aligned to the front side, and etched through to form the 
ink feed line 28. The poVimlde sacriflclal layer 42 filling the Ink chamber 16 is then removed etch using ox^ 
and fluorine sources. This step also releases and thereby forms the cantilevered beam 1 4. Note that chip dicing can 
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be done before this step to prevent debris from getting into the lnl< chamber 16.. 

[00351 A cross section of the final stmcture is shown in. Figure 7. The cross section of the cantilevered beam 14 
shows the lower protective layer 40, the Intermetaliic titanium aluminide bottom actuator layer 36, and the top actuator 
layer 34. The cantilevered beam 1 4 resides in the Ink chamber 1 6 and is tightly confined about the perimeter of the 

s free end 22 in the vicinity of the nozzle hole IB and has open fill regions 26 on each side for the rest of its length. 
[0036] In order to Iteep the beam 14 straight as shown in Figure 7. it is important to be able to control the stress of 
the material of the cantilevered beam 14. Stress differences between the layers 34, 36 of the cantilevered beam 14 
willcause bending of the cantilevered beam 14; ft Is importanttherefore to be able to controithe stresis of each layer 
34, 36. Preferably, the top actuator layer 34 is fomned mainly of silicon oxide, which can be deposited with close to 

10 zero stress, with a second material such as silicon ntfrlde on top of It which can be deposltied with a tensile stress to 
counter any tensile stress of the second layer 36. To maximize the beam efficiency, however, It te Iraiportant to minimize 
the amount of snicon nitride needed. Therefore, it Is Important to minimize the tensile stress of the Intemrtetaiilic titanium 

aluminide film. , - ..^^ 

[00371 Deposition of the intermetaliic titanium aluminide film was canled out using either RF or pulsed DC magnetron 

IS sputtering in argon gas.The TIAI3 sputtertarget was certJfied to 99.95% purity and greater than 99.8% dense. Optimum 
film properties were obtained by varying the deposition parameters of pressure: and substeate bias. For the case of 
pulsed DC magnetron sputtering the pulsing duty cycle was also varied. After deposition the film was annexed at 
3O0''C-35O°C for longer than one hour in a nitrogen atmosphere for a period long enough so that no further change in 
intrinsic stress was observed for the film. The annealed film shows a predominantly disordered face centered cubic 

so (fee) structure as detemilned by x-ray diffraction rThe composition of the intermetallie titanium aluminide has a titanium 
to aluminum molefraction in the range of 65-85% aluminum as detemnined by Rutherford Backscattering Spectrometry 
(RBS) dependent upon the selected sputtering conditions. This produces a film of superior properties than any presently 
taught for thatof thermal actuation as described herein. This mtennetallic material includes titanium and aluminum in 
a combination thal can be characterized by the following reiaBonshlp: 
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so [00381 When this predominantly fee film Is heated above 450oC the ciystal stmcture changes from the disordered 
• fee to a predominantly tetragonal TigAl,! structure. This change in structure is accompanied by a large increase in 
crystallite size and reduced tensile strength that can result in film cracks. . 
[0039] Rgure 8 displays the experimental result of measured stress after deposition and the resulting str^s atter 
anneal By controlling the deposition parameters the final stress of the film can be reduced to zero. Note that this 

35 displayed data was for deposition conditions of 5mT pressure. We find also that as the deposition pressure^is lowered 
beldw Wan lndr^ase of the compressive stress is dbsenred in the deposited film similar to increasing the bias. In 
addition, fbrbe magnetroi^ sputtering, we find that varying the pulse duty cycle can also be used to adjust the stress^ 
Therefore the firial stress can be tailored through a proper seleclion of both substrate bias, deppsttlon pressure and 

40 mm **itlsSirhportant that the material Is thentially stable to repeated actaatlon; showing no plSstlc deforniation 
or str^ rel^ation. Figure 9 displays stress versus temperature data from a deposited and annealed mtennetallic 
. titanium aluminide film measured on a six inch silicon wafer. The curve shows no '^yst^^^s's^The same.me^rernent 
on a pure aluminum film, shown in Figure 1 0, shows large hysteresis and a nonlinearcurve. On fabricated cantilevered 
beams14(inbludlng the intemietallic titanium aluminide film as described hereir«)tehs of millions of test actuation have 
« been perfontiedvirtth no measured change in cantileverprofile or actuatton efficiency. _ -r•.,,r^^^.^ 

r00411 it has also been found that addition of oxygen or nitrogen to the sputter gas to form TiAI(N) or riAl(O) com- 
pounds IS disadvantageous to the present Invention. For example Figure 11 compares the stress veraus temperature 
curves for Intermetaliic titanium aluminide with 7% oxygen incorporated, and no oxygen incorporated, deposited on a 
silicon wafer. Measuring the wafer curvature, the stress of the film is derived using Stoney's equation as Is well known 
in the art The slope of the curve Is proportional to the Young's modulus of the material and the thermal coefficient of 
expansion. A lower slope therefore Indicates a less eftkJient actuator material. The addition of oxygen degrades the 
efficiency of the actuator material. 

[00421 The intermetaliic titanium aluminide material used for layer 36 demonstrates significant advantages over ma- 
terials used in prior art thermal actuator devtees. Such material has a high themial coefficient of expansion which is 
proportional to the amount of deflection that the cantilevered beam 14 can achieve for a given temperature rise. It is 
also proportional to the amount of force the cantilevered beam 14 can apply for a given temperature rise. In addition, 
the Intemietaliic titanium aluminide material has a high Young's modulus. A higher Young's -""^ulus means the same 
force can be applied with a thinner cantilevered beam 14 thus Increasing the deflection capability of thecantilevered 
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beam 1 4 Intermetallic titanium aluminide also has a low density and a low specific heat Lower energy input is required 
to heat the material to a given temperature. These properties allow for fabrication of small scale themial actuator 
cantilevered beams 1 4 that can achieve fast response time consistent with use as an ink drop ejector for printing. By 
way of example, cantilevered beams 14 of the present invention having dimensions of 20pm wide x 1 00pm long and 
with a thickness of 2.8nm have been successfully produced and tested in an ink jet pnnting operation. 
[00431 The intermetallic titanium aluminide material used for layer 36 shows no plastic relaxation or hysteresis upon 
repeated heating to 300«C. The cantilevered beam 14 can be cycled mlHions of times without any change of properties. 
[00441 Those sWiled In the art should recognize that themnal actuators using the intem^etallic titanium aluminide 
material for layer 36 material can be Incoiporated onto CMOS wafers allowing Integrated control circultiy. Furtlier. the 
titanium aluminide material can be deposited with the standard sp CMOS wafer f^ncatton. 

In addition the titanium aluminide material can be etched and pattemed with the standard chlorine-based eteh ^^^^^ 
used In CMOS wafer fabrication, the temperatures at which the titanium aluminide material is deposited a^^^^^^^^^ 
asO'^CThis allows easy integration of the thermal actuator device of the present Invention Intotheback end of aCMOS 

[004sr°infe^e^^^ titanium aluminide has a resistivity of 1 eo^iohm^m which Is a reasonable resistivity for a heater. 
By comparison, pure metals haye .a rriuph. lower resistivity. The intermetallic titanium aluminide matenal can therefore 
be used as both the heater and bendfeii^ element In the theimal actuator. 
[0046] lntemietaIltetftaniumaluminidehasavefylowTCR(thermalcoefficientofr^^^ 

as the actuator heats up its resistance stays the same. Practically, this meansthatfor an applied voltage pulse to heat 
the material the cun-ent stays the same, thereby allowing a compietely linear response. 

[00471 The thennal actuator of the present invention can also be applied to other microelectro m^hanicai systems 
(MEMS) For example, a themially actuated microvalve could be constructed to control the flow of fluids. The motion 
provided by the thermal actuator of the present invention could be used for micropostioning or switching applications. 
Other forms of themial actuators could also be constructed in accordance with the principles of the preferred embed- 
iment. A buckling actuator could be constructed out of intemietaliic titanium aluminide. 



Claims 

1. A themial actuator for e mlcrp-eleptromecha^ 

(a) a basis element; 4^., ■ m 

(b) a cantifevered eiement extending.from the ba^e element and residing in a first position, the cantilevered 
element including a first layer constructed of a dielectricfriaterial.having a low themial coefficient of expansion 
and a second layer attached tothe flrst layer, thesecond iaybr comprising intermetallic titanium aiuminide; and 

(c) a pair of electrodes connected to the second layer to allow an electrical cunrent to be passed through the 
second layer to thereby cause the temperature of the second layer to rise, the cantilevered element deflecting 
to a second position as a result of the temperature rise of the second layer and returning to the first position 
when the electrical cun-ent through the second layer is ceased and the temperature thereof decreases, 

2. A themial actuator Inkjet device comprising: 

(a) an ink chamber formed In a substrate; . ♦ w 

(b) a cantilevered element extending from a wall of the Ink chamber; and normally reslding.ln a first position, 
the cantilevered element Including a first layer constructed of a dielectric material having a low thermal coef- 
ficient of expansion and a second layer attached to the first layer, the second layer comprising Intermetaljlc 
titanium aluminide, the cantilevered element having a f ree end residing proximate to an Ink ejection port In the 
ink chamber; and 

(c) a pair of electrodes connected to the second layer to allow an electrical cun-ent to be passed through the 
second layerto thereby cause the temperature of the second layer to rise, the cantilevered element deflecting 
to a second position as a result of the temperature rise of the second layer and returning to the first position 
when the electrical current through the secondiayer is ceased and the temperature thereof decreases, the 
movement of the cantilevered element^ausing ink in the inkchamberto be ejected through the ink ejection port. 

3. A themial actuator Inkjet device as recited In dalm 2 wherein: 

the ink chamber Includes a pumping section, the free end of the cantilevered element residing In the purriplng 
■ secltom 
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4. A thermal actuator Inkjet device as recited in claim 3 further comprising: 

(a) at least one open region adjacent the cantilevered element; and 

(b) an ink delivery channel in the substrate allowing ink to be delivered through the at least one open region 
and into the ink chamber. 

5. A themial actuator as recited in claim 1 wherein: 

the second layer can be characterized by the relationship 

Where 0.6 ^ X ^1 .4. 

6. A themial actuator Inkjet device as recited in clainn 2! wherein: 

the second layer can be characterized by the relationship 

AI^,,TI^. 



where 0.6 ^ 1 .4. 
25 7. A themial actuator as recited in claiirn 1 wh^brej^ 

the second layer has an efficiency (c) greater than 1 . the efficiency (e) t)eing defined by the equation 



30 



35 



40 



where Y is Young's modulus, p is density, a is the themial coefficient of expansion, and Cp is the specific heat. 
8. A thenmai actuator Inkjet device as recited In claim 2 wherein: 

the second layer has an efficiency (e) greater than 1 , the efficiency (e) being: defined by the equation 



E = Ya/Cpp 



where Y is Young's modulus, p is density, a is the thermal coefficient of expansion; and Cp is the specific heat. 

9. A thermal actuator as recited in claim 7 wherein: 

45 the second layer has an efficiency (e) greater than 1 . 

10. A themial actuator as recited in claim 7 wheriein: 

the second layer has an efficiency (e) greater than 1.1. 

so 



55 



7 



EP 1 21 1 072 A2 




8 



EP1 211 072 A2 




FIG. 3 
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FIG. 5 
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FIG. 6 




FIG. 7 
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